INTRODUCTION
C ritically ill children are routinely treated with opioids to relieve pain, produce sedation, increase cooperation, and reduce metabolic demands. 1 However, prolonged exposure to opioids followed by abrupt cessation frequently leads to opioid withdrawal syndrome. 2, 3 This syndrome is present in 35% to 57% of children who have received fentanyl by continuous infusion. [4] [5] [6] It is characterized by a hyperadrenergic response following the abrupt reduction in opioid dosage, with clinical symptoms that include irritability, tremors, twitching, gastrointestinal disturbances, hypertension, and fever. [4] [5] [6] The dose and duration of opioid use influence the development of opioid withdrawal symptoms. 4, 5, 7 However, proper pharmacologic management of withdrawal is still controversial, and there is little evidence upon which to base recommendations regarding prevention, assessment, and management of withdrawal in critically ill children. 8 Opioid weaning protocols aim to gradually decrease plasma concentrations of the drug to prevent symptoms of opioid withdrawal syndrome. 9, 10 Oral morphine, methadone, and clonidine and transdermal fentanyl have all been used in opioid weaning programs, but methadone is often the most suitable, because of the convenience of oral dosing and the long half-life. 11 Currently, there is great variability among recommended methadone weaning protocols to prevent withdrawal symptoms in the pediatric population. [12] [13] [14] Some factors that may influence the methadone dosing schedule are initial diagnosis; duration of opioid therapy; patient's age, developmental stage, and sex; and interacting concomitant medications. 9, 10, [12] [13] [14] At the time of the current study, methadone prescription protocols at the authors' institution were designed on a case-bycase basis. The authors believed that standardization of opioid weaning protocols would result in safer dosing schedules, fewer cases of withdrawal symptoms, and shorter hospital stays. 15 The objectives of this study were to describe weaning practices in a hospital where weaning was done on a case-bycase basis, without standardized protocols; to determine whether there were common patterns for methadone-weaning practices shown to be effective; and to quantify and characterize any patterns found.
METHODS
This retrospective study involved chart review for patients who received methadone for weaning from opioid therapy at the Children's Hospital of Eastern Ontario (CHEO) between December 2006 and May 2012. CHEO is a tertiary care pediatric teaching hospital located in Ottawa, Ontario, with a catchment area that includes eastern Ontario, western Quebec, and the Baffin region. This study was approved by the CHEO Research Ethics Board.
The CHEO pharmacy's administrative software was used to identify all patients associated with any inpatient service within the hospital for whom methadone was prescribed during the 5.5-year study period. Inclusion criteria were age 18 years or younger, receipt of opioid (fentanyl, morphine, hydromorphone) by IV infusion within 7 days before first dose of methadone, receipt of methadone for more than 3 consecutive days, and completion of weaning in the hospital. Reasons for unsuccessful or incomplete weaning included death, transfer or discharge from CHEO, or administration of opioids within 5 days of the last dose of methadone. Data extracted from the patients' charts were age, weight, diagnosis on admission, duration of hospital stay, opioids received, methadone dosing schedule, concomitant administration of sedatives during methadone administration, and dates of endotracheal intubation.
To determine total daily doses and duration of weaning, the methadone and opioid dosing schedule was divided into distinct 24-h segments for each patient, with day 1 of the methadone wean being defined as the 24-h period following the first dose of methadone and day (-1) being defined as the 24 h preceding the first dose of methadone. Opioid dosing was recorded for a maximum of 7 days (168 h) before the first dose of methadone and throughout the weaning period. Fentanyl and hydromorphone doses were converted to equivalents of IV morphine to allow comparison of opioid dosing between patients. In cases where different opioids were used on the same day, opioid doses were converted to equivalents of morphine, and the sum of doses was used as the total daily dose of opioids. Opioid conversion ratios were obtained from the 2009/2010 formulary of the Hospital for Sick Children, Toronto, Ontario 16 (see Table 1 ).
Data Analysis
Large-scale quantitative data analysis was conducted using SPSS version 20 software (IBM, Armonk, New York). Measured variables were evaluated with descriptive statistics. Continuous variables with normal distribution are presented as means ± standard deviations; variables with a non-Gaussian distribution are presented as medians and ranges. To determine correlation between variables, a Pearson correlation model was implemented, and significance was determined using a 2-tailed Student t test.
Once the data were obtained, the total daily doses of methadone and opioids were standardized to units of milligrams per kilogram per day, which were then plotted against weaning period (days).
A review panel consisting of 2 pharmacists (R.V., N.V.) and 1 physician (C.V.) was created. The panel's objective was to qualitatively identify any consistent, recognizable patterns common to the patients' weaning schedules. All of the panel's decisions were based on consensus. Methadone doses were then converted from milligrams per kilogram per day to percentage of maximum methadone dose, to allow comparison of daily dose reductions between patients. These results were used for linear regression analysis, which showed significant linear consistency over time. The regression results were used to generate criteria identifying different weaning groups. The methadone dose for any given phase of weaning was calculated with the following formula:
Daily methadone dose during phase = (∑ methadone doses during phase)/(duration of phase)
All daily methadone doses during the tapering phase were converted to percent of maximum methadone tapering dose, which was calculated for each patient according to the following formula:
% maximum methadone tapering dose = (methadone tapering dose/maximum tapering dose for patient X) × 100
Although the initial intention was to assess withdrawal using the Withdrawal Assessment Tool (WAT-1), 17 in practice this was not possible, because the WAT-1 tool had been implemented only recently at the study institution and only 20% of the patients in the study cohort had been assessed with this tool. Before adoption of the objective WAT-1 tool at CHEO, only subjective assessment of withdrawal events had been performed, and inclusion of these subjective assessments might have complicated interpretation of results. Therefore, withdrawal events were not included in the current analysis.
RESULTS

Demographic Characteristics
A total of 73 patients received methadone at the study hospital in the 5.5-year study period. Of these, 30 (41%) met the inclusion criteria for this study. Of the 43 patients excluded from the study, 1 patient was over the age of 18 years, 3 had not received an opioid infusion 7 days before methadone weaning, 7 had not received methadone for more than 3 consecutive days, and 32 had incomplete weaning. Patient demographic characteristics are listed in Table 2 and diagnoses on admission in Table 3 .
Structure of Weaning Schedule
The mean duration of methadone weaning, from first to final dose, was 19.8 ± 9.5 days (range 5-40 days); the duration of methadone weaning was normally distributed (Shapiro Wilk test of significance, p = 0.12, data not shown). Preliminary analysis of each patient's dosing schedule followed by linear regression analysis revealed 4 distinct, consistent phases of methadone weaning. These 4 phases were used to compare the heterogeneous dosing schedules: • Overlap phase: concomitant administration of opioids and methadone • Loading phase: short period (about 2 days) near the beginning of weaning, during which very high doses (about 2 times the average maintenance dose) of methadone are administered to bring plasma levels of methadone to the therapeutic range • Maintenance phase: characterized by stable dosing schedule that lasts until the patient is deemed ready for tapering • Tapering phase: characterized by constant decrease in total daily dose of methadone until completion of weaning The duration and daily dose for each phase are presented in Table 4 . For 14 (47%) of the patients, all 4 phases were observed. For another 13 patients (43%), 3 identifiable phases were observed, and for the remaining 3 patients (10%), only 2 phases were observed. The terms "methadone overlap dose", "methadone loading dose", and "methadone maintenance dose" refer to the median total daily dose during the overlap, loading, and maintenance phases, respectively. The median total daily dose during the tapering phase was not calculated because this phase is characterized by recurring dose reductions.
Rate of Dose Reduction for Successful Weaning
Given that for most patients the tapering phase consisted of repeated daily dose reductions at a constant rate, simple linear regression was applied for this phase. All daily methadone doses during the tapering phase were converted to percent of the maximum methadone tapering dose, calculated for each patient according to the formula presented in the Methods section. Following linear regression, the best-fit line for all data points (n = 339) had a slope of 4.25%/day, with an R 2 value of 0.595 (data not shown). The fastest wean (in terms of percent reduction per day) was 25%/day, and the slowest was 2.3%/day.
Patients were then subdivided into 3 groups according to duration of weaning (short, medium, long; criteria presented in Table 5 ). Figure 1 and Table 5 demonstrate a clear division among the groups according to speed of tapering. One patient, who had congenital heart defects, underwent an exceedingly long tapering phase (30 days) and was included in the longduration weaning group, even though duration of this patient's tapering phase was longer than the criterion for this group (15 ± 2 days). There were no observable differences in age, weight, sex, opioid dosing, or mechanical ventilation status among the 3 groups; however, there were significant differences in dose reduction per day and duration of the tapering phase (p = 0.01).
Not surprisingly, for patients with short weaning schedules, the previous total daily dose of morphine equivalents was significantly lower (median 3.20 mg/kg per day) than for those in the medium-duration weaning group (median 5.62 mg/kg per day) or the long-duration weaning group (median 5.24 mg/kg per day).
Methadone and Opioid Dosing
Opioid dosing on the day before weaning (in milligrams morphine equivalents per kilogram per day) showed a significant positive correlation with methadone maintenance dosing (p = 0.05). The ratio of methadone maintenance doses to prior opioid doses was 0.35 ± 0.92 (n = 26). The methadone loading dose was strongly correlated with the methadone maintenance dose in patients who had both these phases (p = 0.01; n = 18).
The ratio of methadone loading dose to methadone maintenance dose was 2.10 ± 0.97. In addition, the methadone loading dose had a significant inverse correlation with patient's weight (p = 0.015) and age (p = 0.025), whereas the methadone maintenance dose was not affected by weight (p = 0.06) or age (p = 0.07). Sex had no significant effect on methadone or opioid dosing in this sample.
Use of Concomitant Medications during Methadone Weaning
Twenty-nine (97%) of the 30 patients were taking at least one other medication known to affect opioid or methadone dosing during methadone weaning (see Table 6 for the most common of these medications). The mean number of concomitant medications was 4.6 ± 2.1. No relationship was observed between the number or types of medication taken and the opioid and methadone dosing schedules.
Mechanical Ventilation and Methadone Weaning Schedule
Twenty (67%) of the 30 patients underwent mechanical ventilation during the 168 h before the first dose of methadone. Of these 20 patients, 10 were still intubated during receipt of methadone, whereas the other 10 were extubated before methadone weaning was started. For the 10 patients who received methadone concurrent with mechanical ventilation, the number of days of intubation during methadone weaning was 9.7 ± 10 (range 1-26 days). The number of days of intubation during methadone weaning was strongly and positively correlated with the duration of methadone weaning (p = 0.03), the duration of the overlap phase (p < 0.001), and the duration of the maintenance phase (p = 0.022). However, there were no significant differences in overall weaning times or duration of the methadone weaning phases in nonintubated patients.
Not surprisingly, methadone and opioid dosing differed between intubated and nonintubated individuals, with the daily methadone overlap doses being 0.66 mg/kg and 0.40 mg/kg, respectively. In addition, the opioid dose on the day before methadone weaning, in morphine equivalents, was significantly higher among intubated patients than nonintubated patients (4.96 versus 2.24 mg/kg per day; p = 0.05).
DISCUSSION
The literature presents several approaches to prevent opiate withdrawal symptoms. Although patients can be weaned slowly from continuous infusions, a more convenient alternative is to substitute opioids with methadone, a longacting synthetic opioid with good oral bioavailability. 18 Methadone has the longest half-life of any of the commonly available opiates (19 h in children, 35 h in adults), and 70% to 100% oral bioavailability, making it the preferred drug for narcotic withdrawal for infants and children. 18, 19 The oral bioavailability of methadone allows for conversion from the IV to the oral route of administration, and its long half-life allows for extended dosing intervals (e.g., every 24 h). Methadone has been used for adults with chronic opiate dependency, and pharmacokinetic information for the use of methadone in the pediatric population is now available. 20, 21 A number of prospective studies have examined the effects of duration, 2, 22 dosing range, 3 and standardization of protocol 15 for methadone weaning. Retrospective studies, which are less common, 11, 23 have focused on evaluating the effectiveness and implementation of standardized protocols.
The current analysis of methadone weaning schedules for 30 patients revealed 4 distinct phases of methadone weaning: overlap, loading, maintenance, and tapering. These phases were discovered frequently in the methadone weaning schedules and have not been described in previous literature. In most standardized protocols for long-term opioid users, 3, 11, 15, 22, 23 dose reduction has typically started 1 or 2 days after conversion of opioids to methadone.
It is possible and even likely that the use of 4 phases in this clinical context extended the duration of methadone weaning relative to standardized protocols. Regardless, many of the prospective studies evaluating different protocols have excluded patients with complicating factors, such as long-term mechanical ventilation and central nervous system injuries, 2,3,22 whereas the current study included such patients. Even with stringent inclusion criteria, prospective methadone weaning studies using standardized protocols have had variable success (between 60% and 80%). 3, 22 Although standard weaning protocols are assumed to be effective, it can be argued that they often do not take into account the very real challenges presented by patients with complicating factors, many of whom are unsuited to rapid weaning. For instance, in a retrospective study at BC Children's Hospital, Jeffries and others 23 discovered that for none of the 43 patients included in the study had the hospital's established methadone weaning protocol been followed to completion. This finding illustrates that following a strict methadone regimen is not always effective or feasible and could explain why management of opioid withdrawal at CHEO deviated from literature guidelines for methadone weaning.
One area of interest was the use of a loading phase to reach therapeutic concentrations of methadone in the plasma. For the 30 patients in this study, the loading phase was the shortest phase, with the least variation in duration. Unlike the other 3 phases, the duration of the loading phase was independent of the duration of the overall weaning period. Additionally, the ratio between loading dose and maintenance dose for patients who received both showed high consistency, despite the small sample size (n = 18). Consistency in both duration and dose during the loading phase, independent of all other patient factors, suggests that this phase can be somewhat standardized for all patients. The results of this study encouraged a daily loading dose that is 2-fold higher than the desired maintenance dose administered for 48 h.
The choice to analyze patients according to the duration of the tapering phase was based on a number of considerations. First, the tapering phase was the only phase observed for all patients, and it appeared to follow a consistently linear decreasing trend. Furthermore, because of variability in the remaining 3 phases, the tapering phase represented a more practical starting point for determining the actual dose reduction per day and the speed of weaning.
The literature review revealed that certain institutions have used 5-day and 10-day weaning protocols, depending on the duration of continuous morphine infusion. 15, 23 By separating patients into groups based on duration of the tapering phase (see Table 5 ) and examining each of these groups individually, regression analysis revealed higher R 2 values (close to the 0.8 threshold for statistical significance) and a more reliable model for estimating daily dose reduction. If the patient who had a 30-day tapering phase (much longer than the criterion for the long-duration weaning group) is excluded from the longduration group, the R 2 value increases from 0.68 to 0.78. However, it is difficult to denote outliers in a small group of 13 patients.
Apart from the daily dose reduction and the duration of the tapering phase, none of the clinical factors recorded in this study differed noticeably among the short-, medium-, and long-duration weaning groups. Hence, there was no apparent rationale for favouring one weaning approach over another. More rigorous analysis or studies with broader inclusion criteria will be required to elucidate this matter.
Two variables that were not recorded in this study may explain differences in weaning styles: duration of continuous opioid infusion and withdrawal events. In the literature, longer weaning schedules are typically used following longer periods of continuous opioid infusion. 12, 23 It was initially assumed that recording details for 7 days of opioid dosing would be sufficient for data analysis, and that higher daily opioid doses would be representative of longer infusion duration because of the tolerance effect. However, with a small sample size, opioid dosing is likely insufficient to predict the duration of continuous opioid infusion. Withdrawal events had to be excluded from analysis because of lack of an objective scale, but these are an important consideration for clinicians who prescribe methadone for weaning. Further studies incorporating data for WAT-1 scores (or another objective tool to quantify withdrawal symptoms) and duration of opioid infusion will be required to determine indications for the use of different weaning approaches in pediatrics.
In this study, all but one of the patients were taking at least one medication thought to interact with methadone dosing. More specifically, all but 2 of the patients were taking clonidine and/or benzodiazepines during their weaning. Although it appears that concomitant administration of clonidine, benzodiazepines, and similar medications were appropriately managed in this study population, safety outcomes, adverse events, and withdrawal events were not captured. Therefore, no firm conclusions can be drawn about the safety aspects of concomitant administration of sedative medications with methadone, especially given the diverse study population and the number of complicating medical conditions. Moreover, no relationship was observed between the type or number of concomitant medications and methadone or opioid dosing during weaning (data not shown). We anticipated a correlation between opioid or methadone dosing and clonidine, as clonidine has been shown to decrease postoperative opioid requirements in adults. 24 However, it was difficult to identify such a correlation in the current study, as the number of patients receiving clonidine (n = 23) was far higher than the number of patients not receiving clonidine (n = 7), and most of these 23 patients received more than one concomitant medication during their methadone wean.
Mechanical ventilation was a significant complicating factor in this study. One-third of the patients started methadone weaning before extubation, and it was discovered that intubation during methadone weaning significantly increased the duration of both the overlap and the maintenance phases. Intubated patients also received higher methadone doses during the overlap phase and higher opioid doses on the day before starting methadone weaning. It is likely that methadone dosing was significantly higher during intubation either because of its sedative properties or to prevent the appearance of opioid withdrawal symptoms during mechanical ventilation; hence, methadone tapering doses could not be administered until after extubation (which would delay the tapering phase). As it stands, all weaning protocols included a loading phase and a tapering phase. Our recommendation is to add overlap and maintenance phases for intubated patients, both to minimize withdrawal symptoms and to ensure proper sedation before transitioning to a standardized methadone maintenance protocol.
Ten (33%) of the patients in this study underwent extubation within 7 days before the first dose of methadone. It is unclear whether patients who commenced methadone weaning before extubation had better outcomes, but a recent study of adults in Brazil concluded that enteral methadone can decrease weaning time from mechanical ventilation and ultimately shorten hospital stays. 25 Future consideration should be given to investigating the benefits of enteral methadone for weaning from mechanical ventilation in the pediatric setting, with the intent of standardizing the process.
This study had limitations due to its retrospective design. The selection criteria limited inclusion to patients whose weaning was completed at the authors' institution, which reduced the number of eligible patients. Unsuccessful weaning represented a large amount of data (given that 32 patients were excluded because weaning was incomplete); dosing patterns might have been clearer if these patients had been included. In addition, patients who completed weaning outside of CHEO were not included, as there was no reliable method of determining the rate and duration of methadone weaning if not documented in the hospital record. Furthermore, the lack of consistent and validated assessment for withdrawal symptoms made it difficult to analyze the indications and rationale for methadone dosing schedules. Without documented assessment of withdrawal symptoms, it was not possible to compare the success of weaning protocols between patients. Finally, the use of concomitant sedative medications during methadone weaning was not standardized at this institution. In particular, safety outcomes based on individual treatment regimens were not captured in this study. Standardized use of medications might have allowed more consistent methadone dosing and facilitated comparisons of concomitant medication administration during methadone use. This would in turn have provided additional insights into concomitant use of sedative medications, safety profiles of these drugs, and any withdrawal events that might have occurred.
CONCLUSIONS
All patients included in this study had effective withdrawal from opioids without further withdrawal symptoms. Four methadone weaning phases were identified: overlap, loading, maintenance, and tapering. Three durations of tapering were identified: short, medium, and long.
Currently, all weaning protocols at the study hospital include a loading phase and a tapering phase. The addition of overlap and maintenance phases is recommended for intubated patients, to minimize withdrawal symptoms and to ensure proper sedation before transition to a standardized methadone maintenance protocol.
Further studies using this 4-phase, 3-duration approach may confirm the findings of this study.
